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Abstract 
The catalytic activity of the compounds used in this study, 
2 Rt(P(C6H5)3]4 (1l_ -CH3CN)·CHfN, Ru(CO)[P(C6H5)3]3CH3CN, Ru(C0 )2[P 
(C6H5)3J.3, Fe(Co}jP(C6H5)3]3 was compared using the isomerization 
of allylbenzene to �-methylstyrene as the test reaction. The measured 
decreasing order of reactivity for these complexes is: Ru {\·co}[P(C6H5)3] 3 
CH3CN>· Ru[P(C6H5)314 (7[
2
-cH3CN)·CH3CN> Ru(C 0)2[P°(C6H5)3] 3 > Fe(CD)2 
[P(C6H5)3]3• Mechanisms for the isomerization reaction using the dif� 
ferent compounds have been proposed. An intermediate of the formula, 
Ru(CO)[P(C6H5)3]2 (C3H5C6H5), was isolated in the reaction of Ru(CO ) 
[P(C6H5);J3 (C�3CN) with a 400-fold excess of allylbenzene. The 
isolated complex supports a coordinatively-unsaturated ruthenium (0 ) 
species in the proposed mechanism for this complex. 
The relative amounts of cis and trans p-methylstyrene produced in 
the reactions were measured and the data suggests that the two isomers of 
�-methylstyrene are not produced directly in the thermodynamic ratio. 
The interconversion of cis to trans a-methylstyrene is proposed to 
occur in a reaction that is  simultaneous with the isomerization of al-
lylbenzene to �-rnethyls tyrene. Detection of this reaction had not been 
possible previously. The rate of interconversion of cis to trans�-
rnethylstyrene appears to parallel the rate of olefin isomeriza tion. 
The compounds, re( CD\[ P( c6H5)3 ] 3 and Ru(Co)2[P(C6H5)3]3, have 
been shown to oxidatively add to methyl iodide,pro.ducinQ. Fe(CO)� {C6H5�i 




I would l ike to thank Dr. Sherman for his guidance and patience 
throughout my work. I also would extend my gratitude to the rest of 
the faculty and staff in the department. My wife,Joyce, is also to be 
recognized for her patience and support. 
. . 
Ill 
Table of Contents 
Title page 
Abstract 
Acknowledgements • • • • • • • • 
Table of contents 
List of tables 
List of Figures 
Introduction 
Experimental 
l .  General methods • •  
2 .  Materials 
. . . . 
. . . . . 
3 .  Preparation of Fe( C e )  JP( C6H5 )3J and 
Fe (CO ) J_ P ( C 6 H 5 ) 3] 2 • . . . • . . . 
4 .  Preparation of ( P-FC6H4N2 )BF4 ° 
. . 
. . . 
. . . 
• • • • • • 1 
. 
. 
. . . 
. . . 
II 
Ill 
. . iv 
• •  Vi 
. . vii 
• • 1 
. .  B 
. . . . . 8 
. . 9 
. • . . 9 
. • • 10 
5 . Preparation of [ Fe ( Co )zCP( C6H5 )3]2( p-FC6H4N2 )]BF4 
. 13 
6 .  Preparation of  Fe(CD)2[P (c6H5 )3] 3 • . 
. 
7. Preparation of  Ru ( O )  complexes • . . . . 
. . . 







8 .  Catalytic reactions of Ru( D )  and Fe( D )  compounds 
wi th allylbenzene • • • •  14 
16 
16 
A .  Fe(CD )2[P( Cf)H5)3]3 • . . . 
8. 
c .  
D .  
Ru[P ( C6H5 )3]4( �
2 -cH3CN )
•cH3CN 
Ru( _Cd )2[P (C6H5)3} 3 • • • • • •  
. . . . . 
. . . 
. . . 
. 17 
. . . . . . . . . 17 
9.  Preparation of Ru( C D)[P (C6H5 )3] 2( C3H5C6H5 ) • • • • • 17 
iv 
10. Oxidative-addition reaction of Fe( r o )2[P( C6H5 )313 
and Ru(C O)f( C6H5 )3]3 wi th methyl iodide • • • • • • • • •  20 
A .  Fe(C D\[ P ( C6Hs)J 3" • • • • • 20 
precursors • • •• • • • • • • • • •  
. . . . 20 
22 
22 
8. [Fe (CO)[P( C6H5)3]3P-FC6H4N2]sF4• • • • • • • • • • •  22 
C .  Reaction o f  Fe(CH3CN)6 ( BF4 )2 , P ( C6H5 )3and C O  • • • • • •• 25 
Results and Discu�sion . • • • • • • • • • • . 26 
1. Synthesis of Fe(CD )iP (C6H5 )3J3 • • . 26 
2 .  I s omerization reactions • • • 
3. Oxidative-addition reactions of Ru( Co)f( C6H5 )3J3 
. .  28 
and Fe ( C  o):zCP ( C6H5 )3J 3 • • .• • • • • •• • • • • • •• 42 
4 .  Attempted syntheses. 
5 . Summary • • • •• • • 
Bibliography........ • • . 
Vita • . • • • . ·�· 







List  of Tables 
Chromatographic parameters 
Half-lives for the isomerization of 
allylbenzene in the presence of Ru ( O) 
and Fe (O ) compounds 
Cis to trans ratios of .,a-methylstrene 








Fig .  3 
Fig. 4 




List of Figures 
Infrared Spectrum of Fe(CO) jP(C6H5 ):3] 2 . • • • • • • • • . . • •  1] 
In frared Spectrum of Fe(CD \[P(C6H5 )3] 2 . . . • . . . • • . . . . . 12 
Infrared Spectrum of  Fe(CO)  [P( C  H ) J 15 2 6 5 3 3 ·· · · · · · · · ·· · · · ·  
Infrared Spectrum of Ru(CO)[P(c6H5 )3] 2(c3H5C6H5 ) • • • • • • • •  18 
Proton N!YIR Spectrum of  Ru(CO)[P(c6H5 )3J2(c3H5C6H5) • • • • • .19 
Infrared Spectrum of  Fe(C0)2[P(C6H5 )3J2(CH3 ) ( I )  . . . . . • • .  .21 
Infrared Spectrum of Ru(CO)l P(c6H5 )3] 2(cH3 )(I  ) • • • • • • •• • •  23 
I nrrared Spectrum of  Reaction Product of Fec13 ·6H2D and 
P(C6H5 ) 3 in 2-ethoxyethanol • . . • • • • • • • • • • . • • • • •  24 
Fig. 9 Ir Spectrum of Fe (C0)2[P(C6H5 )3h in c6H6 • • • • • • • • • •  .29 
Fig. 10 Proton NIYIR Spectrum of Ru(co)2[P(C6H5 )3]2(cH3 ) (I )  . . • . • . 44 
Fig. 11 Proton NIYIR Spectrum of Fe(CD)2[P(C6H5 )3] 2(CH3 ) ( I )  • • • • •  J.6 
Introduction 
The role of organometallic compounds has been and is becoming more 
importan t in organic  synthesis and catalysis. Organometallic compounds 
are used as catalysts in laboratory and industrial scale organic reac­
tions such as isomerization, hydrogen ation, oligomerization, and poly­
merization (1). 
Three basic reactions have been proposed by which an organometallic 
compound could be forme d  as an intermediate in a catalytic reaction. 
The first involves the use of a hydrido complex as a precursor to the 
organome tallic compound .  The organic  substrate, usually an olefin, 
coordinates initially to the metal hydrido species. Then the hydrogen 
on the metal is transferred to the olefin forming a metal alkyl complex 
as shown below. 
IYl-H 
IYJ-H 
In this scheme IYJ-H represents a hydrido transition metal complex which 
also con tains a number of other li�ands, necessary for stabilization, 
which are not shown. This type of reaction is believed to be involved 
during the use of the cobalt compound, HCo (C0)4 , in the hydroformylation 
of olefins; i . e. conversion of an olefin to an aldehyde or alcohol (2). 
1 
The other two reactions which have been postulated involve oxidative-
addi tion of an organic substrate to the metal center .  The first involves 
the insertion of the metal into a carbon-X bond, where >C=Cl,Br,I. The 
metal must be in a low oxidation state and able to formally lose two 
electrons. The recent use of rhodium compounds ( 3 ) to catalyze the 
carbonylation of me thanol to acetic acid is believed to involve such 
an oxidative-addition as the ini tial step in  the mechanism for this 
reacti on. 
M-CO + R-X 
co 









The third reaction which could lead to an organome tallic in ter-
mediate involves the insertion or oxidative-addi tion of a metal into a 
carbon-hydrogen bond. This reaction has not been studied extensively 
and has been invoked for reactions which were carried out under hydride-
free condi tions. An example of such a reaction is shown below. 
CH /·····'0. 
RCH··· I \CH2 
M-H 
Examples of this latter reaction in all cases are known only with allylic 
olefins which produce 3 3 � -allyl hydride complexes. A '1._ -allyl hydride 
complex, MoH('1l
3-c3H5)[(c6H5) PCHlH2P(C6H5)7]2 , has been prepared by 
Osborn and co-workers (4 ) by reducing IYloC13( THF) with sodium amalgam 
in te trahydrofuran in the presence of 1 , 2-bis ( diphenylphosphino ) 
ethane and propylene. This isolable compound has been shown by proton 
nuclear magnetic resonance to undergo exchange of the hydride ligand 
3 
with the terminal hydrogens of the '1'( -allyl group at elevated temp-
eratures to form the propylene complex ( A )  
"- / CH3 
,, -,-� 
---+ "'IYI � 
� 0\. 
( A )  
However, catalytic activity for these molybdenum systems has not been 
reported. Previously Bomneman (5) had reported that the nickel compound, 
at low temperatures yielded the 
when treated with Na[HB (CH3)3] 




-135°C / /PR3 
lNi �. ""' H Br 
( A )  (B) 
The complex (B) has been shown by proton nuclear magnetic r�sonance to 
undergo reversible intramolecular �ransfer of the hydride ligand to the 
' 
terminal carbon of the ally! group. The reaction is temperature sen-
sitive with exchange taking place at -40°C. However, the complex was 
not isolable and no catalytic activity has been reported. 
0 -40 '> 
-50° 
ll-Ni-PR3 / 
Emerson and Petit ( 6 )  have isolated a series of stable 13-
allylirontricarbonyl salts. Treatment of butadiene-irontricarbonyl with 
hydrogentetrafluoroborate yields the fluoroborale salt, (?t3-methylallyl) 




� H c � "F / CH 
2 /(""- 2 
c c c 




H �·· I ·��H 
Fe 3 
/ \""' c c c 
0 0 0 
+ 
BF� 
These materials when treated with water yield ketones. This reaction 
is believed to occur in a series of steps. Initially attack of water 
on the complex produces a substitued allyl alcohol which isomerizes via 
3 a proposed ?( -allylhydridotricarbonyliron species to an enol-olefin-
tricarbonyliron complex. The latter compound is believed to be unstable 






y�H e CH3 
/\"-
0 









'"' H� �Products 
c c c 
0 0 0 
The isomerization of the coordinated allylalcohol to the enol species 
requires the oxidative-addition of the metal to an allylic carbon-
hydrogen bond followed by exchange of the hydrido ligand with the ter-
minal positions of the ally! ligand. However, the suggested hydrido 
ally! intermediate was not detected during the formation of the ketones. 
Sherman and Schreiner (7) have synthesized the complex, Ru (12-
cH3CN ) ( P (  C6H5)3)4. CH3CN, and inserted this material into the allylic 
carbon-hydrogen bond of propylene to form the isolable compound, 
41 
with this zero valent ruthenium compound showed that it catalyzed the 
isomerization of allylbenzene to cis and trans-ft-methylstyrene. These 
authors were able to detect, isolate, and characterize a suspected 
3 
intermediate, RuH(� -C3H4c6H5)(CH3CN)[P(C6H5)3] 2 , for this catalytic 
reaction. 
Although the existence of hydride- >\_
3
-allyl complexes are, 
therefore, known, the eletronic and steric factors required for for-
mation of such species by oxidative-addition of low valent transition 
metal complexes to an a llyli c olefin have not been identified. The 
principal object of this thesis is to investigate the effect of 
systematic changes in electron density at the metal center on this 
novel oxidative-addition reaction. The electronic environment at 
the metal can be varied by either controlled ligand substitution or by 
a change of the metal itself. A series of ruthenium ( 0) compounds of 
the type Ru(CD)x[P(C6H5)3]5_x-y
(CH3CN)y 
where x=D,1 and 2 when y•1 and O, 
respectively, have been electrochemically prepared by Olson (9). These 
compounds in which phosphine ligands are successively replaced by an 
increasing number of carbonyl ligands would serve to determine the 
effect of reduced electron density at the metal on this reaction. The 
substitution of a phosphine ligand by a carbonyl ligand which has more 
1'7'-accepting or back-bonding character is expected to reduce the elec-
tron density on the metal center. 
Since it appeared desireable to remain in the same transition 
metal triad to maintain a constant d
8 
electronic configuration, com-
pounds of iron (o) or osmium ( o) seemed most appropriate to change the 
metal itself. Preliminary work by Fey and Sherman (10) has shown that 
synthesis of osmium compounds analogous to those of ruthenium was dif-
ficult and it was not possible to isolate such materials in a pure form. 
A survey of similar iron complexes has shown that although iron (o) 
compounds stabilized by carbonyl (11), phosphite (12), and arsine 
ligands,(13) are well known, tertiary phosphine br mixed tertiary 
phosphine carbonyl species, (13) are limited. Cenini and Porta 
(1 4) have described the synthesis of Fe(CD)2[P(C6H5)3]3• Furthermore, 
several iron (0) carbonyl compounds have been shown to catalyze the 
isomerization of olefins. Wrighton and coworkers (15) have reported 
that pentacarbonyl iron in the presence of ultraviolet light photo-
3 
catalyzed the isomerization of alkenes and proposed a 1 -allyl-
hydrido intermediate. Wells, et.al. (16) have also shown that 
dodecacarbonyl-triiron ratalyzes the isomerization of 1-pentene to 
2-pentene. A deuterium label of this latter reaction indicated that the 
reaction proceeds by an intramolecular transfer of hydrogen and deuterium 
atoms. A 13-allyl-hydrido intermediate was also suggested. The use 
of mixed tertiary phosphine carbonyl iron species seems to be a good 
choice since an analog to Ru(Co)2[P(C6H5)3)3 is known, thus giving a 
means of changing the metal center. 
The electronic requirements of this reaction can also be studied 
by variation of the substituents on the allylic carbon of the olefinic 
substrate. However, this approach was not used in this work. 
To study the activity of these materials a suitable test reaction 
had to be chosen. The substrate had to offer the possibility of 
oxidatively-adding to the metal complex, also the reaction products had to 
be relatively easy to analyze by conventional methods. Ideally the 
hydrido allyl intermediate should also be detectable or isolable to 
establish whether the reaction P.roceeds by a distinct 13-allyl 
hydride intermediate (6) or in a concerted manner. Work by Olson and 
Sherman (8)  with RulE(c6H5)3]4C1(-cH3 CN)·cH3CN and allylbenzene had 
indicated that is was possible to detect hydrido allyl intermediates 
by proton nuclear magnetic resonance during the isomerization of this 
substrate to !-methyl styrene and the reaction produc1s were readily 
analyzed by gas chromatography. Since the isomerization of allylbenzene 
had proved viable with this system it was decided to use this reaction 
as the test reaction in this research. 
In summary the immediate objectives of this work were: 
(1 ) To determine if Fe(Co)2[!Cc6H5)3] 3 and 
Ru(Co)
2
C:P(C6H5)3�, have any reactivity toward 
isomerization of allylbenzene. 
(2) To compare the reactivity of a series of Ru(O) 
compounds and the Fe(O) compound. 
(3) To attempt to isolate or detect any catalytic 
intermediates during the isomerization reaction. 
Experirnen tal 
1. General Methods 
All manipulations, syntheses and olefin isomerizations 
were done under n i trogen ei ther in a Vacuum Atmospheres, Drilab , Model 
HE 43/243 , wi th Dritrain , Model HE 493, or on the benchtop using inert 
atmosphere techniques. The atmosphere in the dry box was tested for 
oxygen content with a 25w% solution of diethyl zinc in toluene. The 
absence of whi te fumes indicated an oxygen content of less than 5 ppm. 
Infrared spectra were obtained on a Perkin-Elmer, Model 337, 
grating spectrophotometer , using a poly�tyre�e film for calibration . 
All spectra were obtained as Nujol mull, between KBr pletes. 
Qualitative and quantitative analysis of isomerization reaction 
products was accomplished on a Varian Aerograph, Series 2800, vapor 
phase chromatograph. A 1 /4" x 1 0 '  1 0 %  carbowax on Chromasorb W column 
was used. The parameters in the following table were maintained to 
obtain good separation . 
TABLE 1 Chromatographic parameters 











Products were qualitatively identified by cornparis�1 of their retention 
times with those for known compounds and by spiking. The areas of the 
chromatographic peaks were measured with a Dietzgen , Model 700, optical 
planimeter . 
NMR data were recorded on a Varian T-60 NMR spectrometer at  60 
MHZ. Tetramethylsilane was used as an internal standard for all samples. 
Melting points were determined with a Thomas/Hoover Melting Point 
Apparatus and are uncorrected. All solvents and reagents were ana-
lytical grade unless otherwise stated. Magnetic susceptibilities were 
measured with a Cahn Electrobalance, Model RTL, using Hg[Co(SCN )4] 
as the standard. Elemen tal analyses were performed by Galbrai th 
Laboratories, Inc., Knoxville,  Tennessee .  
2. Materials 
a .  Triphenylphosphine 
Triphenylpr.osphine ( Eastman Yellow Label ) obtained from Eastman 
Chemical Co .  was used after recrystallization from absolute ethanol. 
b .  Benzene 
Aldrich reagent grade benzene was refluxed over calcium hydride 
for several days under an atmosphere of ni trogen . The solvent was 
distilled under ni trogen, collected over 4A0molecular sieves and 
stored in the dry box. 
c. Ally lbenzene 
Allylbenzene ( Aldrich Chemical C o . )  was distilled under vacuum 
( -
3 ) h 2x1 0 mmHg at  room temperature. The material was degassed by t e 
freeze-pump-thaw tech.nique and stored in the dry box until used. 
3. Preparation of tetracarbonyl ( triphenylphosphine ) iron ( 0 ) ,  
Fe(CD)4 [P(c6H5 )3] ,  and tricarbonylbis ( triphenylphosphine ) iron ( O) ,  
Fe( C0)3@c C6H5 )3 J 2. 
The preparation of these compounds was accomplished by the method 
of Cli fford and Mukherjee ( 1 � ) .  To 1 00 ml o f  freshly distilled cyclohexanol 
was added pentacarbonyliron ( 2 ml, 0 . 01 5  mole) and triphenylphosphine 
( S.Og, 0 .019  mole ) .  This mixture was refluxed under n i trogen for 
one hour in the dark after which the reaction mixture was cooled and 
then diluted with an equal volume of low boiling petroleum e ther.  
Upon cooling, a yellow mixed precipitate of Fe(CD)4[p (c6H5);J and 
Fe(CD)3[? (c6H5 )3] 2 separated. The precipitate was removed by filtra-
tion ,  washed with low boiling petroleum ether and dried under vacuum 
-3 ( 2x10 mmHg) at  room temperature overnight. 
The two products formed in the reaction described above were sep-
( -3 ) 0 arated from each other by vacuum sublimation 2x1 0 mmHg at 1 80 C 
over a 24 hour period. The Fe(C0)4[P( c6H5 )3]. sublimed as a very pale 
yellow solid which was identified by i ts melting point,  200°c ( l i t :201-
2 03 ) ,  and infrared spectrum. The infrared spectrum showed characteristic 
-1 ( bands at  2050, 1970, and 1930 cm Fig .  1 ) .  The residue which re-
mained was dissolved in a minimum amount of hot benzene and diluted wi th 
4 to 6 times i ts volume with low boiling patroleum ether and cooled to 
s0c .  The yellow crystalline product was washed with low boiling 
-3 petroleum ether and dried under vacuum ( 2x1 0 mmHg) at room temperature 
for 24 hours. I t  was identified by i ts melting point, 272 . 5°C ( l i t :  
273°C ) ,  and by its characteristic  infrared band at  18�0 cm-1 (Fig. 2 )  
The yield was 1 .29 g o f  Fe(C0)3[_P (c6H5 )3] 2 ( 13% based on Fe(C0)5 ) 
which agrees closely to the yield of 15% reported by Cli fford and 
Mukherjee. 
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The method of Roe ( 1 8 )  was used to prepare this diazonium sal t .  
To a solution o f  concentrated hydrochloric acid ( 1S.S ml ) and deionized 
water ( 1S.S.ml ) was added parafluoroaniline ( Aldrich Chemical Co .  ) 
( 6 .92 g ,  0.09S mole ) and the solution was cooled to approximately 
0 1-2 C .  Sodium n i trite ( 4.33 g, 0.063 mole ) was gradually added in 
small portions to prevent a temperature increase. After the nitrite 
addition the reaction mixture was a brown solution . A cold solu tion ( s0c) 
of ammonium tetrafluoroborate ( Alfa Division ) ( 8 . 7S g ,  0 .085 mole ) 
in 30 ml of deionized water was introduced and the mixture was stirred 
for one-half hour during which an off-white solid was precipitated. 
The crystals were separated by filtration, washed sequen tially with cold 
aqueous 5w% ammonium etrafluoroborate solution, cold methanol,  several 
portions of cold, low boiling petroleum ether and air-dried with suction. 
The product was s tored in a freezer at -s0c. The yield was 43% ( 7 . 69g)  
based on parafluoroaniline charged. 
5 .  Preparation of di carbonyl ( p-fluorobenzenediazonium ) bis 
( tripheny !phosphine ) iron tetraf luorobora te ,[Fe( CO) 2 ( p-FC6H 4N2 )�( c6H5 )J J 0 F. 4 
The following two preparations were carried out by the method of 
Cenini et .al . ( 14) 
To 39 ml of dry, degassed benzene was added Fe(C0)3[_P( c6HS )3] 2 , 
( 1 .289g , 1 .94 mmole ) and ( p-FC6H4N2 ) BF 4 , ( 0.41 0 g ,  1 .95 mmole ) in 
1 ml of acetone. The red suspension was stirred under ni trogen for 3 
hours after which i t  was worked u p  in the air .  The solution was filtered 
and the dark orange precipitate was washed wi th benzene and then hexane .  
The precipitate was recrystalli zed from a 6 : 1 v/v mixture of anhydrous 
ethyl ether and ace�one. A 43% yield ( 0 .700 g ) was obtained after 
drying under vacuum ( 2 x 10-3mmHg) at  room temperature for 24 hours .  
The melting point of the product was 204°C ( l i t: 203°C ) .  
6 .  Prepara tion of dicarbonyl tris ( triphenylphosphine ) iron ( 0 ) ,  
A solution of li thium ethoxide was prepared b y  dissolving li thium 
metal ( 0 . 1 40g, 20 mmole ) under ni trogen in 35 ml of anhydrous eth.anol .  
To this solution was added [Fe( Co)2[P ( C6H5 ))2P-FC6H4N 2] BF4 , ( 0 .700g,, 
0 . 827 mmole) and triphenylphosphine, ( 0 .0820g, 3 . 1 2  mmole) and the 
mixture was stirred for 24 hours . The dark orange crystals which 
formed were removed b y  filtration, washed successively with ethanol, 
water, ethanol and hexane. The product was recrystallized from a 4:1 v/v 
hexane-benzene mixture. -3 The product was dried under vacuum ( 2x1 0 mmHg) 
for 24 hours at room temperature. The melting point was 127°( li t.127° ) 
and the infrared spectr�m ( Fig. 3 ) showed two characteristic bands at  
1900 cm-1 and 1 840 cm-1 • Analyses. Calculated for Fe( CD )2[1J( C6H5 )� 3: 
C ,  75.00; H ,  5 .05 ; P ,  10 . 00.  Foun d :  C ,  73.90;  H ,  5 .10; P ,  9 .72 . 
7 .  Preparation of ruthenium ( 0 ) complexes 
The ruthenium complexes used, Ru [f! ( c6H5)3] 4 (r{-cH�CN ) •  CH3CN , 
Ru ( CO)rr(c6H5 )3 1 ( CH3CN ) ,  Ru(C0)2[r(c6H5 )3J3 , th . d l � -'.3 were syn esize e ec-
trochemically by Olson ( 9 ) and were obtained from E .O .  Sherman in 
sealed ampoules. The ampoules were opened and the materials stored in 
the dry box.  
8 .  Catalytic reactions of Ruthenium ( 0) and iron (o) compounds 
with allylbenzene. 
All reactions were run under n i trogen in a 25 ml roundbottom flask, 
with a sidearm fitted with a serum cap, either on the benchtop or in the 
fig. 3 
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dry box.  All  solutions of metal complexes in benzene were made up in 
the dry box and then charged by syringe with allylbenzene to ini tiate 
the reaction . 0 0 All reactions were run at 40 ± 1 C and at a substrate 
to catalyst molar ratio of 4 : 1 . Aliquots ( 0 . 5 ml) were taken at 
appropriate time intervals during the reactions for analysis. I n  all 
cases the analysis of organic products was accom�lished by gas chro-
matography . After the completion of the isomerization reac tion ,  
recovery of the inorganic material was attempted in  some cases. 
Isolated complexes were analyzed by infrared and nmr spectroscopy. 
a .  I somerization of  allylbenzene with Fe(C0)2[p ( c6H5 )3] 3 
A solution of 5 ml of dry , degassed benzene was made containing 
Fe(CD )2[P( C6H5 )3]� , ( 0 . 095lg, 0 . 1 06 mmole) and warmed to 40°c .  The 
solution was charged with allylbenzen e ,  ( 0 .050 0  g ,  0.424 mmole ) .  
Aliquots were taken at intervals of 35 minutes and analyzed on the gas 
chromatograph. After 48 hours recovery of Fe( C0)2[P ( c6H5 )3] 3 was 
attempted by adding hexane to the solution . The dark or�nge precipitate 
obtained ( 0.056 g. 56%) was identified by i ts infrared�ectrum as 
Fe( C0)2[P ( C6H5 );J3 • 
b .  I someri zation of allylbenzene with Ru[P( C6f\ )3] 4 ( l 2 -CH3CN ) • 
A solution of 5 ml of dry, degassed benzene was made containing 
Ru[P ( c6H5 )�j4 (( 2-cH3CN)·cH3cN , ( 0 . 1 3 1 g ,  0 . 1 06 mmole ) and warmed to 40°C. 
The solu tion was charged wi th allylbenzene ,  ( D . 05009, 0.424 mmole ) .  
Aliquots were taken every three minutes and frozen i n  liquid ni trogen 
until analyzed. 
I , 
c .  Isomerization o f  allylbenzene with Ru(Co)201 (C6H5 )3j3 
Ru( CO)�P ( C6H5 )3]3 , ( 0 . 1 00g, D . 1 06 mmole ) was added to 5 ml of 
0 dry,  degassed benzene, warmed to 40 C ,  and then charged with allylbenzene 
( 0 .0500g, 0 . 424 mmol e ) .  Aliquots were taken every 35 minutes and 
immediately analyzed. 
d .  lsomerization of allylbenzene with Ru(CO)[P ( C6H5)3] 3 CH3CN 
Ru( CO)[P ( C6H5 )3J�cH3CN ( 0 . 1 01 g ,  0 . 1 0
6 mmole ) was added to 5ml of 
0 dry,  degassed benzene, warmed to 40 C and charged w ith allylbenzene 
( 0 . 0500g, 0.424 mmole ) • Aliquots were taken every minute and 
frozen in liquid n itrogen until analyzed. 
9 .  Preparation of Ru( co)[P(c6H5 )3] 2(c3H5C6H5 ) 
To 3 ml of dry,  degassed benzene was added Ru(co)[p( c6H5 )3] 3cH3CN 
( 0 . 1 0 1g ,  0 . 1 06 mmole) and allylbenzene (5 .0 1g ,  0 .0424 mole)  a t  room 
temperature. The red slurry became yellow after 30 seconds and in 
fifteen minutes the solution was homogeneous . Hexane ( 20 ml ) was 
added and a yellow solid formed. The flask was removed from the dry 
box, frozen in liquid n itrogen and then taken into the dry box .  The 
yellow solid was removed by filtration , washed with hexane and dried 
under vacuum ( 5 .0x1 0-2mmHg) for 24 hours • . The yield was 87% ( 0 . 071 g ) 
based on the formula, Ru(cof1 ( C6H5
)� 2 ( c3H5c6115 ) .  The infrared 
spectrum showed three features in the carbonyl region at 1 8�9, 
1�01 1 1939 cm -1 ( Figur� 4 ) • The mBltinQ point •�s 
1 24°C with decomposition . Analyses. Calculaled for Ru(CO)(C3H5C6H5 ) 
E1( c6H5 );] 2 : C ,  71 . 58 ;  H ,  5 . 2 2 ;  P ,  8 .03 . Found: C ,  70.86;  H ,  5 .31 ; 
P ,  8 . 63 . The nmr data obtained showed peaks characteristic of phenyl 
and methyl groups. ( Fig.5 ) 
Fig. 4 
Infrared Spectrum of 
Ru(Co)[P(C6H5 )3]2 (C3H5C6H5 ) 
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Proton NMR Spectrum of 
Ru(co)[P(C6H5)3] 2(C3HSC6H5)  
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1 0. Oxidative-addition reactions of dicarbonyltris .( triphenyl-
phosphine)  i ron ( 0) ,  Fe(CO) IP ( c  H ) 1 . 21'.= 6 5 3 3, and d1carbonyltris ( tri-
phenylphosphine ) ruthenium ( O) ,  Ru( Co )2[P( C6H5 ) 3] 3 ,  with methyl 
iodide. 
In 5 ml of dry, degassed benzene was dissolved Fe( CO) [P( C  H ) J 2 6 5 3 3' 
( 0 . 1 33 g ,  0 . 1 48 mmole ) and methyl iodide, ( 1 2 . 5 µ1 ,  0 .200 mmole ) 
was added. The mixture was stirred at room temperature inside the 
dry box.  After 19! hours the solution had turned a deep maroon and a 
dark orange precipitate was eviden t .  The precipitate was removed by 
filtration, washed with benzene and dried at room temperature under 
vacuum ( 
-3 2x10 mmHg ) for 24 hours. The yield was 71 % ( 0 . 082g. ) based 
with decompositi on .  The infrared spectrum showed one strong band at  
1900 cm-1 ( F ig .  6 ) . The gram magnetic susceptibi l i ty was determined 
to be -7. 34x1 0-5cgs uni ts .  Analys�s. Calculated for Fe( C O )�[P( C6H5 )312 
( CH3 ) ( I ) :  C ;  60 .18 ;  H ,  4 . 2 7 ;  P ,  7 . 9 6 .  Found: C , 5 9 . 2 9 ;  H ,  4 . 22 ;  P ,  7.49. 
b .  Ru( C0)2 [p (c6H5)3]3 
To 5 ml of dry,  degassed benzene was added Ru(C0)2[P( C6H5 );J3 
( 0 . 1 40g, 0 . 148  mmole) and the mixture was treated wi th methyl iodide 
( 1 2 . 5 .;1<1 ,  0 . 200 ,nole ) .  Upon addition of t .ho methyl i odide the red 
suspension became homogeneous and a yellow precipitate was observed after 
stirring at room temperature in the dry box for 6 hours. The solid 
was removed by filtration ,  washed with benzen e ,  and dried under vacuum 
( 2x10-3mmHg) at room temperature for 24 hours . The melting point of 
20 
Fi g .  6 
Infrared Spectrum of 
Fe( CQ) j)( C 6H5 )3] 2 ( CH3 ) ( I )  
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the material was 1 28°C wi th decomposition .  The infrared spectrum showed 
3 sharp bands at 1900 cm-1 , 1940 cm-1 and 2000 cm-1 ( Fig . 7) .  The 
-6 gram magnetic susceptibility was determined to be -3 .  01 x 1 0  cgs uni ts. 
Analyses. Calculated for Ru(C0)2[P ( c6H5 ) 3] 2( CH3 ) ( I ) :  C, 56 .88;  H ,  
4 .04 ;  P ,  7 . 52 .  Foun d :  C ,  56 .76 ; H ,  4 . 1 4 ;  P ,  7 .4 1 . 
1 1 .  Attempted preparation of carbonyltetrakis ( triphenyl-
phosphine ) iron ( 0) ,  Fe( CO ) [P ( C6H5 )3)4 , or precursors. 
a. Fe( H ) ( C.l) ( CO)[P(C6H5 ) 3] 3 
An extension of the method of Vaska ( 1 9 )  was used. To 300 ml of 
2-ethoxyethanol was added FeC13• 6H2D ( 1 . 44g, 5 . 4  mmole ) .  Tri­
phenylphosphine ( 6 .4 ,  24.4 mmole ) was introduced and the solution 
was refluxed under n i trogen for 12 hours. After this time a yellow 
precipi tate was observed. A small portion of this  solid was removed, 
washed successively wi th ethanol, water , ethanol and petroleum ether 
-3 and dried under vacuum ( 2x1 0 mmHg )  at  room temperature for 24 hours. 
The infrared spectrum of this material showed a broad band at 3340cm-1 
. and another at  1 625 cm-1 but  no characteristic  features due to tri-
phenylphosphine were observed ( Fig. 8 ) .  The remaining solution was 
treated with potassium hydroxide ( O.SOOg, 8.91 mmole ) and refluxed 
for an addi tional five hours. The yellow precipi tate was removed by 
filtration and washed as before;  then dried. The infrared spectrum of 
this material was identical to that observed earlier in the reaction. 
To 6 ml of dry, degassed benzene was added 
( 0.300 g, 0 .300 mmole ) .  The flask was charged with ( p-FC6H4N2 )BF4 
Fig. 7 
Infrared Spectrum of 
Ru(Co )j..P(C5H5);J 2<cH3 ) ( I )  
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Fig .  8 
Infrared Spectrum of Reaction Product 
of Fec13 ·6H2 o and P ( c6H5 )3 in 2-ethoxyethanol 
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( 0 . 070g, 0 . 300 mmole) and stirred at room temperature inside the dry box.  
Upon addition of the ( p -FC6H4N 2 )BF4 the red slurry immediately turned 
dark brown. The solution gradually turned to a clear dark red and after 
5 minutes en orange solid formed. The solid was removed by filtration 
-3 and dried under vacuum ( 2x 10  mmHg) for 24 hours .  A small additional 
amoun t of the orange product was recovered upon r�duction of solven t 
volume under vacuum. The infrared spectrum of the material showed the 
same characteristic bands at 2030 and 1975 cm-1 as reported in the 
li terature ( 14 ) for[ Fe( Co )2[P ( C6H5 )3] 2 p-FC6H4N2]8F4 • The melting 
point of the compound was 1 88°c with decomposition . 
c. Reaction of Fe(CH3CN )6(BF4 )2 , P ( C6H5 )3 , and CO 
A solution of 85 ml of dry CH3CN containing Fe(CH3CN )6(BF4 )2 , 
( 0 .500 g ,  1 . 30 mmole ) and triphenylphosphine ,  ( 4 .28  g,  1 6 . 3 mmole ) 
was prepared. Carbon monoxide was then bubbled through the pink solution 
wi th stirring for three hours . The temperature was raised to 45°C and 
maintained for an addi tional three hours while carbon monoxide was passed 
through the solution . The mixture was evaporated to dryness under vacuum 
leaving a white powder .  After benzene was added to  dissolve the 
triphenylphosphine, a brown residue remained. The isolated residue was 
dissolved in a minimum amoun t of aceton i trile and 200 ml of benzene was 
added. Upon cooling ( s0c) pale beige needles formed which were removed 
-3 by filtration and dried under vacuum ( 2x 10  mmllg) for 24 hours .  The 
infrared spectrum of this material showed i t  to be Fe(CH3CN )6(BF4 )2 • 
Results and Discussion 
A.  Synthesis of dicarbonyltris ( triphenylphosphin e )  i ron ( 0 ) ,  
The syn thesis o f  the title compound was carried out as described 
in the li terature ( 14 ) . The steps in the synthesis are outlined 
below: 
Fe( CO)i P(C6H�)3] + Fe( C 0) 3[P( C6H5) 3� ( l )  
A 8 
Fe(C0 )3[P(C6H5 ) 31 2+(p-FC6H4N) l ff  4 r:C,116> [Fe (Co) 2[ P ( C6H5) ]2p-FC6H4N21 
BF  4 +CO (2) 
[ Fe( co )lP(C6Hs&1p-FC6H4N21BF4 +P( C6H5) 3 
[p-FC6H 4N2] BF  4 (3) 
Separation of the monosubstituted iron compound,  A ,  from the d�substituted 
material, 8 ,  was accomplished by vacuum sublimation . The yield of the 
disubstituted product was in accordance with the literature ( 1 3% ) ; 
however,  the yield of the monosubstituted product was much lower ( <  1%) 
than reported. Further recovery of the latter product, A ,  from the 
reaction solution gave only small (<  1 0mg ) additional amounts.  The only 
difference in the synthesis scheme relative to the literature was that 
the initial reaction ( equation 1 ) was carried out in darkness. I t  
has been reported ( 20 ) that irradiation wi th ultravio�et light at  
reflux will increase the yield of monosubsti tuted product. The yield of  
disubsti tuted product is  unaffected by  ultraviolet i rradiation ; but  
when the reaction mixture is refluxed for a long time period ( 2 hours ) , 
the yield is greatly reduced. Apparently by running this ini tial synthesis 
•• 
step ( equation 1 ) in the dark the formation of re2(co)9 , which i s  a 
precursor to  the monosubsti tuted product, from Fe( Co) 5 was inhibited 
thereby reducing the y ield of the monosubsti tuted product .  The relatively 
short ( 1 hour ) reflux time also reduces the carbonylation of the disub-
sti tuted product by unreacted pentacarbonyl iron ( O) . 
The infrared spectrum and melting poin t of the trisubstituted product, 
C ,  agreed wi th the values in the li terature. Elemental analysis of the 
material suggested the possibi l i ty of the presence of some impuri ty, 
resulting in a low carbon value. Repeated recrystalliszations from ben-
zene hed no effect on the elemental analysis data . Thin layer chroma-
tography on silica gel using benzene or ethanol as eluents indicated that 
only one component was presen t .  The available data suggest that the 
isolated material i s  a single compound and the low carbon value arises 
from problems in obtaining complete combustion of the material during 
analysis.  This effect has been noted previously ( 21 ) in the analysis 
of certain transi tion metal compounds containing phosphine ligands. 
The two carbonyl vibra ti ans ( 1 900, 1 840 cm -1 ) observed for 
symmetry as shown below. 
co 
(C6H5)3P " 




Both structures are expected, by normal mode analysis ( 22 ) , to give 
two carbonyl bands in the infrared spectrum. I t  i s  not possible wi th the 
existing data to determine which structure is  present in the isolated 
solid .  The analogous ruthenium compound, which is also orange in color , 
exists as a mi x ture of isomers the structures of which are the same as 
those shown for the iron compound.  When dissolved in aromatic solvents 
the ruthenium compound ,  Ru(C0)2[P( C6H5 )3] 3 , isomerizes to a trans carbonyl 
configuration ( 9 ) as evidenced by the appearance of a single carbonyl 
-1 band in the infrared spectrum a t  2005 cm • Solution studies ( Fi g. 9 ) 
of the infrared spectrum of the i ron compound ,  however ,  show n o  i somer-
ization wi th this substance . 
B .  I somerization reactions 
The ruthenium and i ron compounds used in this study all i somerized 
allylbenzene to ..6-methylstyrene but at varying rates. The half-life of 
thi s reaction with each metal complex was measured to compare the individual 
reactivities and the values obtained are presented in �able 2.  
Table 2 Half-lives for the isomerization of allylbenzene in  
the presence of ru thenium ( 0 ) and i r on ( 0 ) compounds . 
Com1;2ounds t;. (min .) 
2 Ru[P ( C0H5 )3]4 (1 -CH3CN ) ·CH3CN 
3 . 0 
Ru( CO )[P( c6H5 )} 3 ( CH3CN )  0 . 50 
Ru( CO) lP( C6H5 �]� .• 270 
Fe{ CO) �p ( C6H5 ) 3] 3 >>2900 
The observed relative reactivities of the complexes are Ru( co)[P( c6H5 )3] 3 
28 
Fig .  9 
I R  Spectrum of 
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A mechanism has been proposed ( 9 ) for the isomerization of 
allylbenzene to S-methylstyrene in the presence of Ru[P(C6H5 )3] � 
<1 2-CH3CN ) · cH3CN . This mechanism is shown in Scheme I .  The third step 
in this mechanism is believed to be the rate con trolling step. The 
isolation of  the (
3
-allylic hydride complex, A ,  from the isomerization 
reaction mixture supports this mechanism which includes 
..B-me thy ls tyrene ally lb en zene 
Scheme 1 .  mechanism for the isomerization of al lylbr�zcne with 
Ru[P (C6H5 )'.' ] 4 (1( 2-cH3CN ) • CH3CN. 
a 1 ,3 -hydride shi ft via  a distinc t  hydrido- i
3
-allyl intermediate. 
Since the isomerization reaction used in this study is relatively 
simple, the mechanism of this isomerization ir1 the presence of Lhc car-
bonyl containing metal complexes is probably similar.  A mechanism for 
the isomeri za ti on of allylbenzene in the presence of Ru( lO )[P( c6H5 )31 3 
( CH3CN ) i s  proposed in Scheme 2 .  The ruthenium complex has been shown 
( 9 ) to have the acetoni trile ligand trans to the carbonyl ligand ( I I I ) .  
30 
The acetoni trile ligand wauld become more labile due to the carbonyl ' s  







trans effect. The strong trans effect . of the carbonyl ligand would 
aid  in the replacement of the acetoni trile ligand by allylbenzene as 
shown in step 1 .  I t  has also been reported ( 9 ) that when aceton trile 




Scheme 2 . Mechanism for the isomerization of  allylbenzene with 
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catalyzed by Ru(Co)[ P(C6H5)3] 3(cH3CN), even at  elevated temperature 
( 70°C) and a lower substrate to catalyst ratio ( 3 : 1  ), is much slower 
than when Ru[P(C6H5)3J./7t_
2-cH3CN)·cH3CN is used as the catalyst. The 
reduced rate of isomerization in acetonitrile can be attributed to 
competi tion for the coordination si te on tl1e metal between solvent and 
olefin .  This solvent effect is contained in step 1 in the ·mechanism 
and supp or ts the ligand replacement by coordinating olefin proposed 
for this step. When the reaction is carried out in acetonitrile, this 
ini tial s tep in the mechanism appears to be raLe determining. Finally 
the c omplex postulated in step 1 is rlirActly ?tn?tl n')nlJS tn ?l r:omplex 
of the formula , Ru( CO )[ P(C6H5)3] 3('l
2-C?.H4) ,  isolated in the reaction 
of Ru(CO )[P(C6H5)3] 3CH3cN with e thylenP. ( 9 ). 
The six-coordinate complex, RuH(CO )[P(C6H�)3]2 (7l_
3
-allylbenzen e ) ,  
3 proposed in step 2 is analogous to the compound ,  Ru(H)(� -allylbenzene) 
[ P(C6H5)3] 2(cH3CN), isolated in the reaction of Ru[r>(C6H5)3]4('l 
2-cH3CN)• 
CH3CN wi th allylbenzene. The coordinatively unsaturc:ited complexes, 
Ru( CO)[ P( c6H5) 3] 2 (1_
2 -ally lbenzene), and Ru( CO J( P( c6H�) 3] 2 (.,f-JF·•nethy ls ty ren e ) ,  
proposed in this mechanis� are in accord wi th the observed stoichiometry 
for the ethylene complex of ruthenium ( 0 ) , R 1 1 ( 1�H3CN)[P(C6H5 ))2C'1.
2-c2H4) 
( 23), and the complex, Ru(CO )[ P(C6H5)3]2 (1{-,8-methylstyren e ) , isolated 
from the isomerizati on reaction mixture ( vide inrra ) .  Steps 3,4 , and 5 
are directly analogous to those proposed in the mechanis m for this 
2 isomerization in the presence of Ru[P(C6H5)3]4(7l -CH3CN)· CH3CN.  
In benzene solvent the monocarbonyl complex exhibited a six-fold 
decrease in the half-life of the isomerization reaction relative to the 
non-carbonyl con : a:iining complex. Comparison of this result with that 
-
32 
observed in acetonitrile suggests that step 1 ( scheme 2 ) is  not 
rate controlling when benzene is used as the solven t .  The increased 
catalytic activity upon substi tution of a carbonyl for a triphenyl-
phosphine ligand, therefore, most probably arises in ei ther the oxidative-
addi tion ( step 2 ) or reductive-elimination ( step 3 ) steps of this 
mechanism. In accounting for the effect of  carbbnyl substitution on 
these steps the three energy terms, which Vaska ( 24 ) has iden ti fied 
as important for oxidative-addi tion ,  can be considered. For oxidative-
addition of ruthenium ( 0 ) to an allylic carbon-hydrogen bond 
R� 
H - Ru 
these energies are : ( 1 ) the bond dissociation energy of the allylic 
3 
carbon-hydrogen bond; ( 2 )  the b ond  energies of the Ru-H and Ru-(l -allyl ) 
bonds formed; ( 3) the electron promotional energy For the oxidation of 
Ru(O) to Ru( I I )  which formally occurs during oxidative-addi tion .  
Since the same substrate, allylbenzen e ,  was used throughout this 
study changes in the bond dissociation energy of the allylic carbon-
hydrogen bond are expected to be minimal .  
The products resulting from oxidative-add i ti on of the allylic 
olefin to RL(P(C6H5 )3] 11 ('�{-cH3CN )
•cH3CN or Ru( CD )[P(C6H5 )3] 3(CH3 CN ) 
are Rull[P(C6H5 )3] 2(11.
3-allyl ) ( CH3CN ) and Ru( C O)H(P ( C6H5 )3]2 (1(
3
-ally l ) ,  
respectively .  The difference between these two in termediates is the 
replacement of  an aceton i trile ligand, a strong fl-donor ,  by carbon 
monoxide , a strong '7(-acceptor . Replacement of aceton i trile by carbon 
monoxide will lead to enhancement of the <r-donor behavior of the hydride, 
'1
3
-ally lic, and triphenylphosphine ligands in Ru( Cd)H[ P ( C6H5 )3]2 (7{_
3
-
allyl)  relative to that in RuH[P(C6H5 )3] 2(7{_
3-allyl ) ( CH3cN ) . On the 
other hand, backbonding to the 1l.3-allylic ligand would be reduced owing 
to competi tion for backbonding electrons from the carbonyl ligand 
which i s  a better 17"-accepto r .  The increased bond dissociation energy 
of the Ru-H bond in the carbonyl containing intermediate would be 
partially offset by a decrease in the overall Ru�({-allyl ) b.
ond dis­
sociation energy. Also increased donation from the triphenylphosphine 
ligands would tend to further reduce the changes in those pertinent 
bond dissociation energies. 
Cw1sideration of the ruthenium ( 0 )  complexes which undergo the 
oxidative-addi tion reaction , Ru('t2-allylic olefin ) ( CH3CN)[ P ( C6H5 )3] 2 
and Ru(�2-allylic olefi� ) ( CD )[P( C6H5 )3] 2 , again emphasizes that the 
main difference between these two species is the replacement of an 
acetoni trile ligand by a carbonyl ligand. The strong 1i'-acid properties 
of the carbonyl ligand would result in a significant decrease in the 
electron density at the ruthenium center leading to a marked increase 
in the promotional energy for oxidation of Ru(O ) to Ru( I I ) .  This 
latter energy term appears qualitatively to be most influenced when a 
single carbonyl ligand is introduced into the ruthenium ( 0) system. 
Increased promotional energy would lead to a decreased rate of 
reaction for oxidative-addition ( step 2 ) and conversely an increased 
rate of reductive-elimination ( step 3) .  The increased rate of iso-
suggests that the reductive-elimination step in the proposed mechanism 
i s  rate determining�and i s  slightly more facile with the carbonyl 
compound • I t  should be noted that the reductive-elimination s tep i s  
also rate determining in the isomerization with RuCP ( C6H5 )3]4(�
2
-cH3CN ) • 
CH3CN . 
A mechanism is proposed in Scheme 3 for the isomerization of al-
lybenzene using Ru( CD ) j P ( C6H5 )3] 3 as the catalyst .  This tentative 
mechanism includes a 1 , 3-hydride shift via a distinct hydrido-"'l_
3
-
allyl in termediate as previously suggested for similar ruthenium ( o) 
complexes. Coordinatively saturated intermediates are shown in the 
catalytic cycle ( steps 2 , 3 , 4 )  rather than coordinatively unsaturated 
species as in Schemes 1 and 2 in view of the increased number of 
carbonyl ligands and the lack of reported coordinatively unsaturated 
dicarbonyl ruthenium ( 0 )  compounds. 
allylbenzene 
RuH( CO�[ P( c6H5 ) 3J bf ... flll��P.�O?l!m� }'. . :. .' 
I r P ( C6H5 )3 
Ru( CD ) j P (  c6H5 )3] 2( 1-�-methyls tyrene) 
Scheme 3 Mechan ism for the isomerization of allylbenzene wi th 
Ru ( C O) l P ( C 6H 5 ) 3] 3 •  
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The dicarbonyl ruthenium complex exhibi ted a 540-fold increase in 
the half-life of the isomerization reaction relative to the monocarbonyl 
conplex and a ninety-fold increase relative to the non-carbonyl complex. 
These large decreases in reactivity suggests a change in the rate deter-
mining step of the isomerization . A change in ligand !abili ty might 
result in the large rate change observed. The tendency of the carbonyl 
li gands to accept fYelectrons frorn the metal would tend to increase 
the donation of electron density from the pl 1osphine ligands on to the 
metal cen ter .  Increased dona ti on of the phusphine ligands would increase 
the strength of the Ru-P q--bond thereby decreasing the labi lity of 
these ligands. Decreased ligand !abili ty would decrease the rate of the 
initial step ( step 1 ) of the proposed mechanism ( Scheme 3 ) . While 
the decrease in ligand !ab i l i ty might appear qualitatively to cause the 
initial step to become rate determining, the effects of substitution 
of carbonyl ligands for phosphine ligands on the energy terms for ox-
idative-addition cannot be ignored. 
The subst i tu ti on of the carbonyl ligands for the phosphine would 
increase the �-donation of the hydride, ?(
3
-allyli c ,  and triphenylphosphine 
ligands in RuH ( CD )2[ P ( c6H5 )3] (7f-allyl ) relative to Ru ( CO ) ( H)[P(C6H5 )3]2 
(�
3-ally l ) .  However , as in the monocarbonyl case, backbonding to the 
-r{-allylic ligand would be reduced due to competi tion for 1Y-electron 
density from the carbonyl ligands which are b e t ter  1Y-acceptors. The 
increased bond dissociation energy for the Ru-ll bond would be  partially 
3 offset by a decrease in the bond dissociation energy of the Ru-(� -allyl) 
bond. Increased donation from the triphenylphosphine ligand would 
also tend to reduce the change in the bond dissociation energies.  The 
decrease in electron density on the metal due to the strong 1r"-acid 
properties of  the carbonyl ligands would lead to a significant increase 
in the promotional energy for oxidation of Ru( O) to Ru( I I ) .  This would 
lead to a decreased rate of oxidative-addition ( step 2) and conversely 
an increased rate of reductive-elimination ( step 3 ) .  The observed 
decrease in isomerization rate with Ru(C0)2[P(C�H5 )3]3suggests that 
the reductive-elimination step ( step 3 ) is not rate determining; 
however, wi th the available data it i s  not possible to distinguish 
whether step 1 or step 2 of  the proposed mechanism is rate determining. 
The substi tution of iron for ruthenium in the compound M ( Co )2 
[ P ( C6H5 )3J3 , M=Fe ,Ru,  decreased the allylbenzene isomerization rate 
greater than 1 0-fo�d relative to the rate of the isomerization using 
Ru(CD)2[ P ( C6H5 )� 3 • Presumably a mechanism similar to that shown in 
scheme 3 for Ru(CD)2( P ( C6H5 )3]3 i s  operative. The Lewis acidity of 
a transition metal increases upon going up in a triad ( 25 ) .  There-
fore, since the i ron atom is more acidic than tho ruthenium atom , the 
phosphine ligands would donate more electron density through the Fe-P 
�-bond .  This would strengthen the Fe-P bond decreasing the !abil i ty 
of the phosphine ligands. Also the presence of the two carbonyl ligands 
and their 1Y-acid behavior would tend to reenforce the idea of decreased 
!ability of the phosphine ligands. Decreased !ability of the phosphine 
ligands could possibly account for the decreased rate of reaction 
observed. The previous arguments concerning the three energy terms 
for oxidative-addition also apply and with the same results since a 
dlcreese in  isomerization rate was observed. Assuming that a mechanism 
similar to Scheme 3 is applicable, wi th lhe data collected no iden tifi-
cation of the rate determining s tep can be made. E ither step 1 or 
step 2 , analogous to those shown in Scheme 3 ,  are potentially rate 
controlling. 
The relative amounts of cis and trans �-methylstyrene p�oeuced in 
the reaction involving the various metal complexes were measured and 
are presented in Table 3. As i s  eviden t in the �able, the first two 
metal complexes produced cis and trans 8-methylstyrene a t  approximately 
the thermndynamic ratio·· ( 5 :95 ) ( 26 ) ;  th8 third c:ompnund gave a cis/ 
trans ratio of  1 : 2 .  
Table 3 Cis to trans ratios of fo-methylstyrene produced 
using the various me�al complexes 
C ompounds 
Ru[P(C6H5 )3]4(11.�CH3CN ) • CH3CN 
Ru(CO)[P(C6H5 )3J3cH3CN 
Ru(Co)2[P(C6H5 )3] 3 
Fe(CO)�P (�6H5 )3J 3 




33 :67  
a 
These results suggest that the two isomers of j-methylstyrene are not  
produced directly in the thermodynamic ratio during the catalytic cycle. 
The formation of the isomers depends on how the allylbenzene is co-
ordinated to the metal center as shown : 
HJ)- ;==: / -�+ ri1 
trans 
3 
C•ordination of the ally! group in a � configuration produces the 
trans isomer of ..a-methylstyrene while cnordination in an anti con-
figuration produces the cis isomer. The data implies that a reaction 
involving the in terconversion of the cis to trans fl-methylstyrene 
occurs simultaneously wi th the olefin isomerization. The reaction 
/ "Ru" / =/ 
rate of cis/trans isomerization parallols the rate of isomerization 
of allylbenzene; i .e . ,  when the rate of  olefin isomerization is fast 
the rate of conversion of cis tn t� �-methylstyrAne is fast and when 
the rate of initial conversion is slow the rate of isomerization of cis 
to trans is slow. The cis/trans isomerization most probably involves 
the following reactions. 
M + /----r'rj 
/ 
� 











( 5 )  
( 6) 
( 7)  
After coordination of the cis olefin and insertion into the C-H bond 
( equations 4 and 5 ) ,  the allyl group could be converted to a localized 
form ( equation 6 ) wi th a distinct double bon d .  Rotation about the 
single bond formed ( equation 7 ) would produce the � isomer . Sub-
3 sequent reestablishment of the "{_ -allyl system and olefin elimination 
would lead to trans a-methylstyrene( equation 8 and 9 ) .  Such a 
mechenistic scheme has been previously postula ted ( 27 ) . As pre-
viously discussed, olefin coordination or oxidative-addition to the 
allylic carbon-hydrogen bond appear to be rate determining in the 
isomerization of allylbenzene when two carbonyl ligands are present 
at the metal cen ter. Both of these reactions also occur in the 
mechanism fer cis/trans isomerization of a-methylstyrene ( equations 
4 and 5 ) .  The observed decrease i n  the rate of cis/trans isomerization 
also rate determining for this reaction. 
The isolation of a reactive intermediate from the isomerization 
reactions was undertaken since isolation of an in termediate would 
furnish additional information about the proposed mechanism for the 
isomerization of allylbenzene with these catalysts. This was at-
tempted in the reactions involving the monocarbonyl complex and the 
two analogous iron and ruthenium complexes. �1ly in the reaction using 
Ru(Co )[P (C6
H5 )3] 3( cH3cN \
. and a · 400 fold excess of allylbenzene was an 
i1Her.1:1ediate isolated. Elemental analysis of the yellow solid sug-
gested the formula,  Ru(CO)[P (C6H5 )3]2(c3H5C6H5 ) .  The infrared spectrum 
of the material gave three peaks in the carbonyl region ( Fig. 4 ) .  
N o  features due tn an allylic group were seen. The proton nmr spectrum 
of the complex in deuterobenzene showed no  evidence of a 1Z �allyl system 
( Fig .  5 ) .  Also no evidence of a metal hydride was detected upfield 
from TMS . A peak attributable to a methyl group ( 1 . 35 ppm ) and 
features due to the phenyl groups in the compound ( 7 . 1 ,  7 . 5 ppm ) 
were observed. The three peaks observed in the infrared spectrum 
suggest that the solid is a mixture of isomeric �-methylstyrene and 
allylbenzene containing compounds. Structures ( IV a ,b ) and ( V a ,b 
are proposed for the components of this mixture which are consistent 
with the 
( JVa,b) 
( V a,b) 
elemen tal analysis and the spectral data . The structures, all of 
which have C s symmetry, are each expected to g ive one carbonyl bond 
in the infrared spectrum. Although no features attributable to methine 
protons were seen in the nmr spectrum, it has been shown ( 28 ) that 
rotation about a metal-olefin bond can broaden the signals due to 
the olefinic protons making detection of them difficult .  Detection 
gf these signals was also hindered by the low solubility of the 
compound .  I t  i s  n o t  possible with the available data to determine 
which of the suggested isomeric compounds are predominan t in the 
mixture. The absenr.e of �n aceton i tr i le lig�nd i n  the isolated com-
plexes supports the replacement of  acetoni trile by allylbenzene in 
step 1 of Scheme 2 and the coordinative unsaturation of the complex 
suggests that steps 3 and 4 in Scheme 2 are plausible . 
C .  Oxidative-addition reactions of Ru(Co)2[P (C6H5 )3] 2 
The two analogous compounds used in this study, Ru (Co):J.P(C6H5 )3]3 
and Fe(C0 )2[P(C6H5 )3J3 were reacted with methyl iodide to see i f  they 
would oxidatively-add to the C-I bond of this substrate. Oxidative-
addition is an important step in the proposed mechanisms for the 
isomerization of allylbenzene wi th these complexes; also the two 
ruthenium compounds,  Ru[P( C6H5 )3]4 (7l�cH3C:N ) • CH3CN , and Ru(co )[ P ( C6H5 )3]3 
( CH3CN ) have been shown ( 9 ) to oxidatively-add to this substrate. 
Similar behavior of these two analogs would suggest that the propose� 
mechanisms for the isomerization of allylbenzene might also be appropriate 
for these compounds. The reaction of the ruthenium compound ,  Ru ( co)2 
4Z 
(P(  c6H5 )3] 3 , with me thy! iodide produced the compound ,  Ru( CO)j P(c6H5 )3] 2 
(CH3) ( I ) ,  as indicated by elemental analysis of the material . The 
infrared spectrum o f  the compound ( Fig. 7 ) exh�bited three carbonyl 
( -1 ) bonds 2000, 1940, 1900 cm and characteristic absorptions due to  
triphenylphosphine. The proton nmr spectrum of the compound ( Fig. 1 0  ) 
exhibited features attributable to a methyl group ( 1 .35 ppm ) and the 
phenyl groups ( 7 . 0  ppm ) o f  the triphenylphosphine ligands. High 
resolution in the nmr spectrum was impossible due to the low solubility 
of the material. 
SAveral poss i b l e  i s omeri c strur.tures ( VI , V I I  ,VIU, IX ) for 
this compound are shown below. Structures VI , VI I and IX have C s 
symmetry whileVlll has c2v symmetry. All structures would be expected 
to exhibit two carbonyl absorption bonds. in the infrared spectrum. 
co 
0'3P' /0 
'! 'C'' P.0':J 







g3p" ,0 ( VII) I 
CH3 oc""- Ii 
.ff 3p}ju'co ( IX) P,0'3 
4 3 
' :>  ' i 
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fig. 1 0  
Proton NMR Spectrum of 
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The appearance of three vibrations may indicate that several isomers 
exist in the isolated solid. One isomer may be  predominant since the 
-1 1 bands at  2000, 1940 cm are more intense than the band at  1900 cm- . 
S tructure ( IX ) i s  preferred as the predominant isomer since i t  has been 
to a trans configuration upon being dissolved in aromatic solvents 
and oxidative-addition is usually cis ( 29 ) with methyl iodirlP. 
A compound of the formula,  Fe(C0)2[P(C6H5 ) 3]2( CH3 ) (T )  � , VJas 
prepared by reacting Fe(CD)2[P (C6H5 )3] 3 w i th me thyl iodide . The 
infrared spectrum of the compound ( Fig.  6 ) exhibi ted a single , 
sharp carbonyl band at  1 9 00 cm-1 and aharacteristic featurr.s due to 
triphenylphesphine. The preton nmr spectrum ( Fig. 1 1  ) exhibited 
signals due to a methyl group ( 1 .4 ppm ) and the phenyl groups ( 7 . 1  ppm ) 
ef the triphenylphosphine ligands. Resolution of the methyl signal 
was imposeible due to the low solubility of the compound. The as-
signment of a definite structure to the compound is complicated by 
the appearance of the single carbonyl band. The possible geometries 
for this material,  which are the same as for the ruthenium compound, 
are predicted, by normal mode analysis, to exhibit two carbonyl peaks 
in th� infrared spectrum. A t  this time no satisfactory explanation is 
available to reconcile both the elemental analysis and the infrared 
spectrum. 
D. Attempted syn theses 
Several attempts were made to synthesize a sui table precursor to 
Fe (CO) (cH3CN )[P ( C6H5 )3]3 or Fe(C5)[P(C6H5 );li . The preparation of 
ei ther of these materials would provide a moans of  comparing the 
Fig. 1 1  
Proton NMR Spectrum of 
Fe(C o)2[P(C6H5 )3] 2(CH3 ) ( I )  
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reactivity of the iron compound with the similar ruth3nium· compound, 
Ini tially an a ttempt was made to replace a carbonyl ligand on 
Fe( C0 )2[P( C6H5 )3]3 with [ P-FC6H4N2]BF4 • Subsequen t replacement of the 
diazonium ligand wi th triphenylphosphine might lead directly to Fe 
( C0f P(C6H5)3]4 • A similar reaction sequence with Fe(Co)3[P(C6H5)3]2 
was used in the preparation of  Fe(C0 )2[P(C6H5 )3]3 from Fe(Co)J.P ( C6H5 )3]1 ·  
The orange solid isolated upon treatmen t of Fe(C0)2[P(C6H5)3]3 with 
[ P-FC6H4N) 8 F 4 exhibited an infrared spectrum i den ti cal lo the infrared 
. spectrum of [Fe(C0 )2[ P(c6H5)3]2( p-FC6H4N2 ) ]  BF4 • The result is in 
agreement with the requirement of an excess of triphenylphosphine in 
the preparation of Fe(CO)�P(C6H5)3 ] 3 as reperted ( 14 ) . 
An adaption of the method of Vaska ( 19  ) for the preparation of 
RuHC l (CU )[P(C6H5 )3J 3 was tried. I ron ( I I I  ) chloride and tri-
phenylphosphine were refluxed in 2-ethoxyethanol in an attempt to 
produce FeHC l(CO )[P ( C6H5 )3] 3 • Subsequent treatmen t of this product 
with HCl would be expected to produce FeC12( co ) [ P ( C6H5 )3 ] 3 • The 
electrochemistry of the latter product would be investigated to see 
i f  constant poten tial reduction could be carried out to produce the 
desired zero valent iron complex .  The material isolated exhibited 
a strong band at about 3350 cm-1 indicating that partial hydrolysis nf 
iron had taken place . Also no characteristic vibrations due to tri-
phenylphosphine were seen in the infrared spectrum of the isolated 
material. 
The final preparation involved treatment of [ Fe(CH3CN ) 6](8 F 4 )2 
with excess triphenylphosphine and carbon monoxide in  acetonitrile. 
I � ·  
Replacement of the acetoni trile ligands wi th carbonyl and triphenyl-
phosphine ligands could provide a route to[ Fe(CH �C N )  [P(C H5 ).3] ( CO )  ] � x 6 y z 
(BF4 )2 • The electrochemistry of this material could be investigated 
and the desired end product might be produced by potentiostatic 
electrolysis. Examination of the residue from the reaction mixture 
showed that only the starting materials were presen t .  
A suggestion for further study might be the preparation of  
carbon monoxide. Again an electrochemical route to the i ron ( 0 ) 
product would be investigated. 
Summary 
The catalytic activity of the complexes ,  Ru[ P(C6H5)3 ] 4 ("(_ 2-
CH3CN) •cH3CN,  Ru( CQ )(P ( C6H5 )3] 3(cH3CN ) ,  Ru ( C o) 2[P (C6H5)3 ] 3 , end 
Fe(aJ )
2
[P(C6H5 )3] 3 were compared using the isomerization of al­
lylbenzene to B-methylstyrene as a model reaction . The relative 
reactivities of these compounds are l isted in order of decreasing 
reactivity as : Ru(C D) [ P(c6H5 ) 3] 3CHfN , > Ru[P( c6H5 )3 J 4 (7l 2 -CH3CN ) • 
CH3CN :> Ru( CO )2 [ P ( C6H5 )3 ] 3 > Fe( Co  )2[ P ( c6H5) 3] 3• Mechanisms for 
the olefin isomerixation in the presence of each complex are proposed. 
The increase in rate of isomerization wi th Ru(C O) [ P ( C6H5 )3]3(cH3CN ) 
relative to the rate wi th Ru [ P( C6H5 )3 ] 4(1{ �CH3CN ) • CH3CN is attributed 
to an increase in the rate of the reductive-elimination in the catalytic 
cycle. The decrease in isomerization rates when Ru( C 0)2 [ P (C6H5 )3]3 
and Fe(C0)2[P(C6H5 )3]3 are used as catalysts might be due to ei ther 
a decreased rate of olefin coordination to the metal center or slow 
oxidative-addition to form a hydrido- 11
3
-allyl in termediate complex .  
An in termediate was isolated in the reaction using Ru(Co)[P (C6H5 )3] 3 
CH3CN as the catalyst. The formula suggested for the compound i s  
Ru(C O)[ P ( C6H5 )3 ] 2( c3H5c6H5 ) which supports the coordinatively un-
saturated species proposed in the mechanism and the loss of acetonitrile 
in the first step upon olefin coordination . 
The relative amounts of cis and trans ,S-methylstyrene produced 
in the reactions were measured and the results sugge�t that the two 
isomers of ..8-methylstyrene are not  produced directly in lhe thermo-
dynamic ratio • I t  appears that in terconversion of cis-,9-methylstyrene 
to trans-,8-methylstyrene occurs in a reaction co-curren t with the 
initial conversion o f  allylbenzene to ..S-methylstyrene. A reaction 
scheme for cis/trans isomerization which parallels the initial olefin 
isomerization is suggested. 
were reacted with methyl iodide which produced the two oxidative-
addition products, Ru(CD )2[P(C6H5 )3] 2( cH3 ) ( 1 )  and Fe(Co )2[P(C6H5 )3J 2 
(CH3 ) ( I ) ,  respectively. The configuration of  the iron compound is 
uncertain since only one carbonyl band is  seen i n  the infrared spectrum. 
The pos�ible s tructures for the material are expected to give two 
bands in the carbonyl region. 
u 
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